Pseudocapacitors with nickel/cobalt hydroxide-based electrodes show promises energy storage devices, because they are economical and safe, but cycle stability and high current rate capability have not been achieved. We shed light on how magnesium in double-layered hydroxides serves as a supercapacitor electrode in optimal environments. Here we show the high rate capability and long-term stability of layered magnesium-cobalt double hydroxide (L-MCH) electrodes, which is superior to existing electrodes. The pseudocapacitor made with Mg 2+ and Co 2+ double hydroxide as active materials, does not have an intricate fabrication process. The L-MCH pseudocapacitor has a specific capacitance comparable to most double hydroxide-based materials and capacity retention greater than 107% over 10,000 cycles, which is in line with commercial devices. Our proposed method also offers a much faster and reliable route for electrode fabrication, which could result in the development of a new generation of supercapacitors, batteries and hybrid devices.
INTRODUCTION
Ultra-capacitors or supercapacitors, in particular pseudocapacitors, are becoming important technologies with the potential to power a wide variety of electronic devices. Owing to pseudocapacitor high power density, charging time takes a few seconds compared to hours for batteries. Recent research has focused on two-dimensional (2D) materials e.g., graphene, Mxene, transition metal carbides (TMCs), transition metal oxides (TMOs), transition metal hydroxides (TMHs) and layered double hydroxides (LDHs), due to their large electrochemically active surface. [1] [2] [3] [4] [5] [6] Specifically, LDHs have been considered attractive electrode materials due to high charge storage capacity or high specific capacitance, which results from faradic redox reactions with hydroxyl anions in alkaline electrolytes. The high specific capacity associated with high redox activity is due to the layered structure of LDHs, characterized by a large interlayer distance and homogeneous metal ion dispersion. This favors the diffusion of ions from the electrolyte into the bulk material. Consequently, LDHs-based electrode design attracts much interest in the research community. [7] [8] [9] [10] [11] Double LDHs are favored over single LDHs when preparing increased charge storage capacity electrodes for hybrid supercapacitors, because they offer added advantages. The coexistence of two metal ions in double LDHs enhances the redox response due to the combination of multiple redox reactions of the metal ions. For example, porous layered Co 1-x Ni x (OH) 2 prepared by potential sweep electrodeposition 12 and layered Ni-Ti nanosheets deposited by a two-step hydrothermal process, 13 both displays enhanced charge storage capacity.
Recently, Ni 3+ doped Ni-Ti monolayer nanosheets exhibited a high charge capacity and a specific capacitance of 2310 F g −1 at 1.5 A g −1 . 14 To date, the Ni-Co hydroxide double TMHs are the most promising electrodes for charge storage applications in hybrid supercapacitors with many researchers focusing on synthesizing different morphologies of Ni-Co hydroxides (Table S1 ). The LDHs electrode material, Mg x Co 2x (OH) 6x (denoted as L-MCH) for pseudocapacitors, shows promise. The L-MCH has superior theoretical capacitance (~3676 Fg −1 ), thus exhibiting exceptional electrochemical performance as an electrode (Supplementary note 2). Magnesium hydroxide, an alkaline metal hydroxide, have a number of characteristics such as high negative standard potential (-2.375 V vs RHE), low equivalent weight, high melting point (649°C), low cost (<4$ kg −1 ), relative abundance and low toxicity, thereby making it a fascinating candidate for electrochemical storage. 15 Moreover, rechargeable Mg batteries showed promising energy density, 15, 16 which was tested as an electrode in lithium ion batteries 17 owing to its favorable electrochemical properties. 18 Therefore, it is justifiable to replace Ni 2+ with Mg 2+ in LDH pseudocapacitor electrodes. Here we show the electrochemical mechanism to grow a mixed bimetallic hydroxide L-MCH electrode, which retains 107% of its original capacitance after 10,000 cycles. In addition, details of the energy storage mechanism show the advantages of Mg-Co double hydroxide electrodes. According to our results, use of Mg 2+ -based double hydroxide electrodes instead of nickelbased hydroxide electrodes in pseudocapacitors may result in the design of novel supercapacitor electrodes.
RESULTS

Electrode design and structural investigation
The process of beautifully grown L-MCH nanosheet crochet structure electrodes prepared by the optimized electrodeposition process is depicted in Fig. 1a -c. It is well known that Ni(OH) 2 results in poor conductivity as well as electrochemical stability. Therefore, we conducted a number of trials to optimize the electrodeposition process, choosing magnesium (Mg 2+ ) as an alternative to nickel (Ni 2+ ), because of its higher electrochemical activity and conductivity. Initially the nucleation rate was fast due to instantaneous nucleation ( Fig. 1b) . Over time, the progressive nucleation and growth resulted in a 2D nanosheet crochet structure of L-MCH (nucleation kinetics shown in Fig. S1 ). Growth was completed in 400 s, covered the entire area of nickel foam and formed a thin film of L-MCH. As shown in Fig. 1d -f, the electrode material formed a crochet structure, which comprised several 2D L-MCH nanosheets. This beautiful 2D nanosheet crochet structure consisting of a variety of pores was expected to increase the number of electrochemical sites. In the magnified high-resolution field emission scanning electron microscopy (FESEM), the L-MCH nanosheets were clearly recognized. Such a unique morphology of L-MCH is anticipated to yield high pseudocapacitance due to double metal ion redox reactions. To be noted, we chose Nickel foam as substrate, because of its chemical stability, and magnesium (Mg 2+ ) to replace the nickel (Ni 2+ ), which has lower conductivity and stability in double hydroxide electrodes.
In Fourier transform infrared spectroscopy measurements ( Fig. 1g ), a strong absorption band was recorded at 1348 cm −1 owing to N-O stretching vibration of NO À 3 in the L-MCH structure. The O-H stretching vibration of non-hydrogen bonded hydroxyl groups resulted in a narrow band at 3638 cm −1 . A typical broad band at around 3532 cm −1 corresponded to O-H stretching vibration of adsorbed water and interlayer water molecules, which were hydrogen bonded to M-OH groups. 19 We attributed the sharp and intense peaks at 1491 cm −1 and 1031 cm −1 to the bending vibration of the O−H bond and the Mg-OH stretching vibration, respectively. The peak at 653 cm −1 corresponded to Mg-O stretching vibration 20 and the bands around 620 and 523 cm −1 were due to vibrations of Co-OH bending and Co-O stretching. The removal of some NO À 3 ion after electrode treatment resulted incompact layers with hexagonal shape of various thicknesses in the crochet structure.
We used powder X-ray diffraction (XRD) to determine the phase structure of the products (Fig. 1h ). The XRD pattern identified the backbone substrate Ni foam (JCPDS card No. 04-0850), blue line in Fig. 1h . The hierarchical L-MCH 2D nanosheet crochet structure (star and hash) was identified as Co(OH) 2 (JCPDS card No. 74-1057) and Mg(OH) 2 (JCPDS card No. 44-1482), red line in Fig. 1h . Because L-MCH has a combination of Mg(OH) 2 and Co(OH) 2 , XRD peaks matching Mg(OH) 2 and Co(OH) 2 can exist. Importantly, the synthesis of α-Ni(OH) 2 and α-Cο(ΟΗ) 2 results in disorderly poor crystalline structures, 21, 22 which converts to β-phase in alkaline media. We expected the L-MCH crochet structure to behave in a similar manner, which we confirmed with the lower crystalline diffraction peaks and FESEM images. The heat flow and weight loss curve of Mg-Co hydroxides ( Fig. S2 ) suggested that the L-MCH structure converted into an oxide form with minimum weight loss, which indicated the formation of a hydroxide crochet structure. We examined the surface morphology of the L-MCH crochet structure before and after electrolyte treatment (4 M KOH solution) and observed a spectacular morphological change ( Fig. S3 ), where the loosely intertwined nanosheets transformed into a regular hexagonal platelet crochet structure. This suggested that the initial disordered L-MCH structure interacted with hydroxide to remove the interlayer nitrates to form a regular porous crochet structure.
Electrochemical measurements
To explain the electrochemical results, it is important to consider the hierarchical L-MCH 2D nanosheet crochet structure, which exerts a significant influence on charge storage properties. This influence is a result of replacing the nickel with Magnesium in the double hydroxide electrodes. The Magnesium is electrochemically . e-f FESEM high magnification image of intertwined L-MCH nanosheets forming crochet structure (Scale bar 1 µm and inset 500 µm). g Fourier transform infrared spectra from NO À 3 and OH − of L-MCH crochet structure responsible for high-energy storage. h XRD of deposited L-MCH nanosheet with well-defined reflections of Mg(OH) 2 and Co(OH) 2 more active and conductive than nickel. Such a modification can reach a specific capacitance of 1312 F g −1 at 10 A g −1 , which is comparable to other Nickel-based derivatives. Moreover, magnesium is cheaper than nickel-based precursors, which reduces the overall device cost making it a techno-economic solution. The 2D structure intertwined in three-dimensional (3D) crochet architecture can provide more surface sites for redox reactions. Hydroxide structures are electrochemically more active than oxide and in a porous 2D structure, because the OH − interaction for charge storage is enhanced. All the factors indicate fine supercapacitive behavior of the electrode material. We evaluated the electrochemical performance of L-MCH by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) in 4 M KOH aqueous solution for three different electrodes at room temperature and their performance tabulated in Table S2 . The CV curves of the electrode at different scan rates ranging from 10 to 40 mV/s in the potential range 0-0.45 V are shown in Fig. 2a . All the CV curves consisted of welldefined redox peaks whose positions shifted to higher potentials with lower to higher scan rates. The shifts occurred because of the charge polarization that took place at higher scan rates. At lower scan rates, efficient diffusion of hydroxyl ions in electrodes took place, thus clearly revealing the electrochemical process. Welldefined redox peaks were recorded at the electrodes during both cathodic and anodic processes, corresponding to the reversible reactions of Co 4+ /Co 3+ and Mg 2+ with OHions as s-block elements do not possess non-variable valence states due to outer electronic configuration. This behavior indicated that the capacitance of the L-MCH electrode stemmed mainly from faradic mechanisms. The redox peaks of the electrode can be ascribed to the reactions in the alkaline electrolyte shown below:
The CV curves were similar even at higher scan rates, specifying improved electron conduction and mass transportation within the layered structure. The faradic reactions of the L-MCH occurring at the surface and in the layers of the electrodes were the foremost charge storage mechanisms. The quick electron exchange was fundamental to accomplish a reversible surface redox response, which was primarily dependent on electrode properties such as surface area and morphology. Figure 2b shows the quasireversibility and diffusion limited process of these redox reactions indicating linear rise in cathodic (i c ) and anodic (i a ) peak as a function of scan rate.
We measured the electrode's charge storage properties using GCD at different current densities from 10 to 100 A g −1 in 4 M KOH, as shown in Fig. 2d . The potential measurement window was kept at 0.45 V (vs Ag/AgCl). All the GCD curves showed variation in the slope of the straight line, which confirmed that the capacitance was principally due to faradic reactions. There were three slopes in the GCD curves, firstly their dropped due to series resistance at 0-0.01 V. The second slope (~vertical) at 0.01-0.16 V was controlled by electrode/electrolyte interface, the electric double-layer capacitance. The bulk of charge storage took place in 2+ and Co 2+ retaining the shape at higher potential. b A kinetic model describes the dependence of capacity on scan rate (ν), performed by cyclic voltammetry, is used to study charge storage mechanisms and their capacity contribution provides diffusion controlled redox capacitive contribution. c The specific capacitance of L-MCH crochet structure electrode with different current densities from 10 to 100 A g −1 . The concentration of the cations in the electrolyte solution was fixed at 4 M. d Galvanostatic cycles from 10 to 100 A g −1 in KOH. e Capacitance retention after 10,000 cycles in 4 M KOH at 33.33 A g −1 , showing long-term stability. f Ragone plot, power density verses energy density plot for L-MCH crochet structure and comparison with ACC two-electrode cell and the designed asymmetric device. The energy density of the as-designed two-electrode cell is greater than the energy density of ACC and L-MCH tested in three-electrode system the third stage at 0.16-0.45 V, mainly due to pseudocapacitance nature. The increased capacitance may be a result of electrochemical reduction-oxidation at the electrode-electrolyte interface. 23 The specific capacitances at current densities 10, 16.66, 33.33, 50, 66.66, 83.33, and 100 A g −1 can be calculated based on the charge-discharge data as shown in Fig. 2d and by the equation given in Supplementary note 1. The as-prepared electrode exhibited the highest capacitance of 1312.88 F g −1 at 10 A g −1 (values are shown in Table S3 ). Clearly, 62.28% of capacitance of the original value remained after the current density increased from 10 to 100 A g −1 , which suggested excellent rate capability. Figure 2e , f exhibited the long-term electrochemical stability and comparative Ragone plot of L-MCH electrode. The L-MCH was marked by long cyclic stability of 10,000 continuous charge-discharge cycles at 33.33 A g −1 . The capacitance increased from 1106.66 to 1185.19 F g −1 after 500 continuous cycles due to the activation process, which increased the electrochemical site participation with increasing time. 24 A 107% of the initial capacitance was retained even after 10,000 continuous charge-discharge cycles, which validated the use of the fabricated L-MCH structure in practical applications. Both the double-layer capacity and diffusion controlled redox capacity contributed to the electrode's total storage capacity. A kinetic model that describes the dependence of each capacity on scan rate (ν) in CV is used to study charge storage mechanism and capacity contribution to the electrode's total capacity. This dependency is described as 2
where Q is the total charge at different sweep rates and calculated by integrating the CV curve. Q v = ∞ is the double-layer charge and Q À1 v¼0 is the maximum total charge that can be obtained whereas a and b are constants. The double-layer capacity and total capacity can be determined by the y-axis intercept of Q versus v −1/2 and Q −1 versus v 1/2 plots (Figs S4, S5) . The calculation showed that the diffusion controlled redox capacitive contribution was approximately 85% of the total specific capacitance of the electrode, which we expected.
Furthermore, we used EIS for a deeper understanding of the electrochemical properties and charge storage kinetics. The typical Nyquist plot ( Fig. 3a) was analyzed for the L-MCH electrode before and after 10,000 cycles. The equivalent series resistance was 529 mΩ and 631 mΩ before and after 10,000 cycles, respectively. This resistance originated from the ohmic contacts, electrode material, electrolyte, and current collectors. This indicated the improved ionic conductivity of the electrolyte system. There was no semicircle observed in the higher frequency region suggesting that there was no charge transfer resistance before and even after cycling at the electrode/electrolyte interface. The equivalent circuit for the Nyquist plot is shown in the inset of Fig. 3a , where CPE is a constant phase element, W is the Warburg resistance and C f is the pseudocapacitive element. We analyzed the relaxation time by complex power analysis and expressed total capacitance as the combination of real (C′) and imaginary (C″) parts as 25 C
where C 0 ω ð Þ ¼ ÀZ 00 ðωÞ ωjZ ω ð Þj 2 and C 00 ðωÞ ¼ Z 0 ðωÞ ωjZ ω ð Þj 2 Figure 3a shows the variation of C 0 ω ð Þ and C 00 ðωÞ with frequency. The C 0 ω ð Þ of the electrodes determined by EIS were consistent with CV measurements. The small variation observed in Fig. 3a , as revealed in the CV curves, could be attributed to factors such as chemical and physical heterogeneity and the deeply trapped immobile ions during EIS measurement. 25 The C 00 ðωÞ curve showed the bell-shaped variation with frequency. Figure 3c Electrode design for asymmetric supercapacitor We investigated the application of L-MCH as an asymmetric supercapacitor by measuring the electrochemical properties of the negative activated carbon cloth (ACC) electrode and the positive L-MCH electrode. The detailed study and properties of negative electrode (ACC) is reported in our previous report. 26 The asobtained ACC had a 3D interwoven fiber feature ( Fig. S6 ) and displayed excellent electric double-layer capacitance behavior at 0.0 to 1.0 V (Fig. 4a) . The specific capacitance of the ACC electrode could be calculated from its GCD curve and reached upto 122 F g −1 at 0.3 A g −1 , which is comparable to previously reported carbon-based supercapacitor. The detailed characterization of ACC two-electrode cell GCD measurements, current density versus capacitance, Ragone plot and electrochemical impedance graph is provided in Fig. S7 . We used the excellent capacitance properties of the ACC (at 0.0-1.0 V) and L-MCH (at 0.0-0.45 V) to fabricate an asymmetric supercapacitor as illustrated in Fig. S8 , referred to as L-MCH||ACC. The mass ratio of the electroactive materials loaded onto the positive and negative electrodes was determined by the well-known charge balance theory (q + = q -). The charge stored on each electrode usually depends on the mass of the active material, voltage window and specific capacitance (C, F g −1 ), as shown in the following equation: 2
In order to obtain q + = q -, the mass ratio was stated as equation:
where m L-MCH and m ACC are the mass loadings of the L-MCH and ACC electrodes, respectively. The CV of the cell displayed redox peaks in the extended working voltage of 1 V due to redox response of the L-MCH electrode and hybrid cell assembly. The shape of the CV curves at different sweep rates was relatively similar, suggesting a good response rate of the cell (Fig. 4b) . The specific capacitance and rate performance of the cell were determined by performing charge-discharge measurements at different currents (Fig. 4c ). Specific capacitance values were 396.56, 394.08, 386.4, 341.74, and 289.44 F g −1 at respective currents of 0.5, 0.75, 1, 2 and 3 A g −1 (Fig. 4d) , which retained 74% of the specific capacitance when current increased from 0.5 to 3 A g −1 . Continuous charge-discharge cycles at a current of 2 A g −1 showed capacity retention of 97% after 10,000 cycles (Fig. 4e ). In the case of a two-electrode system, the expression for energy density (Wh kg −1 ) and power density (Wkg −1 ) is given by
where t (s) and V (volts) is the discharge time and the cell voltage, respectively. The asymmetric electrochemical capacitor was measured with two-electrode configurations in 4 M KOH at room temperature. The L-MCH||ACC hybrid cell displayed a specific energy of 55.75 Wh kg −1 at specific powers of 1000 W kg −1 (Fig. 4f ). The comparative Ragone plot for all the prepared electrodes (L-MCH, symmetrical ACC||ACC and asymmetrical L-MCH||ACC) are shown in Fig. 2f . We expect that further processing and device optimization by charge balancing the cell or by replacing the negative electrode with other materials, will extend the voltage window of the asymmetric device, allowing cell voltages larger than 1.5 V. Replacing Ni 2+ with Mg 2+ , other metals or targeting composites exhibits wider electrochemical stability thus promising strategies for improving asymmetric cells. Having focused here on replacing a nickel-based electrode with magnesium demonstrates that Mg 2+ -based hydroxides can serve as an active electrode material for pseudocapacitors, optimization studies will be the subject of future reports.
DISCUSSION
The newly designed L-MCH is easy to construct at low cost and provides a fast route to assemble a supercapacitor with high specific capacitance and a long cycling life. We showed that L- f Ragone plot of L-MCH||ACC asymmetrical supercapacitor compared with the asymmetric hydroxide cells tested uptill now [27] [28] [29] [30] [31] MCH is a promising electrode material for pseudocapacitors. The L-MCH electrode reaches specific capacitance of 1312 F g −1 at a very high current density of 10 A g −1 and exhibits very low equivalent series resistance. Furthermore, L-MCH has long-term stability of 10,000 cycles at a current density of 33.33 A g −1 and capacity retention of about 107.10%. These improvements in the cyclic stability can be ascribed to great stability of magnesium hydroxide in strong alkaline electrolytes and the nickel foam mesoporous structure, which significantly accelerates the migration of ions and transport properties. To the best of our knowledge, this is the first magnesium-based double hydroxide pseudocapacitor. This work thus establishes magnesium-based double hydroxides as a new family of active materials for pseudocapacitors, whose performance may be tuned by processing techniques and device architecture. Undoubtedly, this work and superior L-MCH theoretical capacitance has great potential as an electrode for high performance supercapacitors.
METHODS Materials
Starting materials were purchased from Merck or Aldrich and were used without further purification unless otherwise stated. 
Mg 2þ þ 2Co 2þ þ 6OH À $ Mg x Co 2x ðOHÞ 6x :
After electrodeposition, the electrode was washed with double distilled water, ultra-sonicated for 10 s to remove any residues (lightly attached particles) and dried at 80°C for 12 hr. The mass of the electrode was determined before and after electrodeposition on a micro-balance with accuracy of 0.01 mg.
Standard three-electrode cell assembly
Electrodeposited L-MCH film on nickel foam was used as working electrode (mass loading~0.3 mg cm −2 ). Platinum foil (~4 cm 2 ) was used as the counter electrode and Ag/AgCl as a pseudo-reference electrode. All measurements were performed at room temperature. A solution of 4 M KOH was used as an electrolyte. All potentials discussed throughout the work for the three-electrode cell refer to Ag/AgCl electrode.
Two electrode symmetrical/asymmetrical cell assembly
The two-electrode measurements were performed in a Split cell (Fig. S8) in which L-MCH was the positive electrode and ACC, without any binders or conductive additives, served as the negative electrode. The L-MCH electrode was pressed before use at 10 MPa for 10 s. The difference in mass between the positive L-MCH and negative ACC electrodes was not greater than 10%. Nickel foam was used as current collector. A Celgard 3501 membrane was used as separator. The ACC was dried overnight in a vacuum oven at 80°C before cell assembly. With regard to the symmetrical cell assembly, we used two ACC 13 mm diameter electrodes without binders or additives. The rest of the design was same as the asymmetric cell ( Fig. S9 ).
Electrochemical measurement and analysis
All electrochemical measurements were carried out using Metrohm Autolab 128 N Potentiostat (The Netherlands) with 4 M KOH aqueous electrolyte in electrochemical cells. Ag/AgCl and platinum foil was used as pseudoreference and counter electrodes, respectively. The L-MCH crochet structure was the working electrode. High purity KOH (AR, Merck) was used to prepare the4 M KOH electrolyte in 30 ml distilled water. The working electrode was dipped into the 4 M KOH electrolyte for 10 min to intercalate OH − in the crochet structure before electrochemical measurements. Two electrode tests were carried out in split cells. The CV and galvanostatic measurements were used to investigate electrochemical activity and charge/discharge ability, respectively. Electrochemical impedance measurements were performed at open circuit potential using a multi-sinusoidal signal with amplitude of 10 mV, which ranged from 0.1 to 10 4 Hz.
Characterization of structure and properties
Powder XRD patterns were recorded with a PAN-analytical diffractometer equipped with CuKα 1 (λ = 1.5405 Å) X-ray source in θ/2θ geometry and 0.5 s dwelling time with proportional detector. An anit-scattering incident slit (2 mm) and nickel filter were used. The tube voltage and current was 40 kV and 40 mA, respectively. Scanning electron microscopy was performed on a JEOL JSM 7610F FESEM equipped with Energy Dispersive Spectroscopy Oxford instruments, X-Max with coating unit-(Make: JEOL, Model: JEC-3000FC). Fourier transform infrared spectra were obtained from Perkin Elmer Spectrum instrument. Thermogravimetric analysis was carried out using Perkin Elmer (diamond TG/DTA) in an oxygen atmosphere. Fourier transform infrared spectroscopy was performed on Perkin Elmer (Spectrum one) from 4000 to 400 cm −1 .
